ABSTRACT The changes in quantal transmitter release induced by egg phosphatidylcholine liposomes with different internal ionic composition were examined at the frog neuromuscular junction by using conventional electrophysiological techniques. It was found that liposomes containing calcium or sodium ions increase both evoked and spontaneous transmitter release, while liposomes containing potassium do not. The results suggest that phosphatidylcholine liposomes are able to transfer their aqueous medium into the presynaptic nerve terminal. We report here the results of a study using ion-containing liposomes to modify quantal transmitter release from motor nerve terminals.
tentials (MEPPs)] seems to reflect resting [Calin (2, 3) , the evoked release is the combined result of resting [Calin and the amount of calcium entering the terminal due to the action potential (for a review see ref. 4 ). It has been proposed for both invertebrate (5, 6) and vertebrate (7, 8, 9) synapses that an additional regulatory factor is [Nalin; an increase in [Nalin probably causes a translocation of calcium ions and thus an increase in [Ca] in (8) . It appears, therefore, that the intracellular concentrations of calcium and sodium are of prime importance in regulation of quantal transmitter release. However, it is difficult to substantiate these proposals directly by iontophoretic injection of calcium and sodium ions, because in preparations in which quantal release is clear and amenable to quantitative analysis (such as the neuromuscular junction), the nerve terminals are too small for intracellular injection of ions; preparations with a large presynaptic element (such as the squid giant synapse) have usually very small quanta. In the present work, we used an alternative approach' namely, addition of ioncontaining phospholipid vesicles (liposomes) (13) in the concentration range used, it is possible to estimate the trapped volume.
It was found to be 0.42 ,gl/,gmol of phosphatidylcholine.
RESULTS
Effect of ion containing liposomes on evoked transmitter release "Sodium/Calcium" Liposomes. The initial experiments were performed with liposomes containing standard Ringer solution whose calcium composition was increased to 25 mM. These liposomes were dialyzed overnight with Ringer solution containing 0.35 mM CaCl2. Addition of these liposomes to a neuromuscular preparation caused an increase in the EPP amplitude and the quantal content, which was easily detectable within 1-2 minutes. An example of such an experiment is shown in Fig. 1 augmentation in transmitter release (see, e.g., refs. 8 and 9). Therefore, we used liposomes containing 116 mM NaCl with no added calcium. Addition of such liposomes caused an increase in quantal content as illustrated in Fig. 2 A and B . The quantal content increased from 9.77 ± 0.40 (mean i SEM) to 15.6 ± 0.57. After washing with the control Ringer solution, the quantal content decreased to approximately the "preliposome" level 8 .00 i 0.44 (Fig. 2C) . At this stage of the experiment, liposomes containing 116 mM KC1 were added, with no significant change in quantal content: 8.65 ± 0.34 (Fig. 2D) . Therefore, it appears that not the liposomes themselves but their aqueous content is responsible for the changes in evoked release.
"Calcium/Potassium" Liposomes. Liposomes containing 25 mM CaC12 and 116 mM KC1 (and dialyzed as described before) cause an approximately 2-fold increase in evoked release. The mean increase in four experiments was 82%. Hence, both sodium and calcium ions seem to be able to cause an increase in EPP amplitude and in quantal content. Effects of ion-containing liposomes on spontaneous transmitter release The frequencylof the spontaneous transmitter release (f )is also changed by ion-containing liposomes. Addition of liposomes containing NaCl or CaC12 caused an increase in MEPP frequency, while KCl-containing liposomes caused a reduction to about 60% in f ( (10) . Whatever the mechanism will turn out to be, liposomes seem to offer powerful means to introduce molecules and ions into cells of small diameter where microelectrophoretic injection is not feasible.
If one takes the estimate that the outer diameter of the small unilamellar liposomes is about 25 nm (10) , then the internal volume of a single liposome is about 1750 nm3, which is about 10-9 the volume of the presynaptic nerve terminal. Assuming a homogeneous distribution of ions between the forming solution and the interior of the liposomes leads to the estimate that each liposome contains approximately 22 calcium ions or 104 sodium ions. Therefore, it is highly unlikely that the experimental observations described here are the result of the fusion of a single liposome with the presynaptic membrane. Probably we are observing the effect of many liposomes transferring their content to the nerve terminal. A conservative estimate is that at least several thousand liposomes have to act in order to induce the observed changes in transmitter release.
